The TNFAIP3 (tumor necrosis factor alpha-induced protein 3) gene encodes a ubiquitin editing enzyme, A20, that restricts NF-jB-dependent signaling and prevents inflammation. We show that three independent SNPs in the TNFAIP3 region (rs13192841, rs2230926 and rs6922466) are associated with systemic lupus erythematosus (SLE) among individuals of European ancestry. These findings provide critical links between A20 and the etiology of SLE.
Autoimmune diseases are characterized by persistent or recurrent inflammation in the absence of explicit microbial infection. SLE is the prototypic systemic autoimmune disease. Although the disease is genetically complex, substantial work over the past decade has led to the identification of several reproducible genetic risk factors for SLE 1 .
A20, the product of the TNFAIP3 gene, is an NF-kB-inducible protein expressed in multiple cell types and is required for preventing spontaneous inflammation 2 . The elimination of A20 from mice leads to severe spontaneous inflammation, cachexia and premature death 2 . A20 regulates the ubiquitination of key signaling proteins and restricts the duration of both tumor necrosis factor (TNF) and Toll-likereceptor-induced NF-kB signals [3] [4] [5] . Thus, A20 is a potent endogenous anti-inflammatory molecule. As TNFAIP3 is well conserved between humans and mice, and given recent evidence supporting association of this gene with rheumatoid arthritis 6, 7 , we hypothesized that variants in TNFAIP3 might also be associated with SLE.
To examine the potential role of TNFAIP3 in SLE, we used data from a recently published genome-wide association study 8 . Supplementary Table 1 online shows the number of cases and controls examined before and after quality control filters. In total, 1,239 SLE cases and 1,629 controls were included in this analysis. We initially selected 129 contiguous SNPs from the TNFAIP3 region on chromosome 6, extended with flanking regions approximately 250 kb on either side of the coding sequence (138,000 kb to 138,500 kb). This region also captures the PERP gene, which encodes an apoptosis effector. Because we observed significantly associated SNPs in LD blocks at the boundaries of the initial region, we later extended our analysis to 158 SNPs in the region from 137,975 kb to 138,550 kb.
We carried out additional genotyping for the TNFAIP3 nonsynonymous coding SNP rs2230926 in 393 of the SLE cases, as these individuals were typed on the version 1 Illumina 550K panel, which did not include this SNP. Among controls, 869 individuals were genotyped on the version 1 array and therefore did not have data available for rs2230926. A subgroup analysis of the testing described below using only cases (n ¼ 1,239) and controls (n ¼ 760) that were typed for rs2230926 revealed essentially the same results (data not shown).
A total of 21 SNPs in the region had allelic P r 0.005 ( Table 1) . At this screening stage, we used a liberal cutoff given the existence of at least ten independent haplotype blocks in the region. rs13192841 had the smallest P value, 5.4 Â 10 À8 (OR 1.4, 95% CI ¼ 1.2-1.6), and rs2230926 had the highest odds ratio (OR), 2.0 (95% CI ¼ 1.4-3.0, P ¼ 3.0 Â 10 À4 ). All of these top 21 SNPs were in the initial 500-kb region covered by 129 SNPs (Fig. 1) ; the extension to a 575-kb region with 29 additional SNPs did not yield new candidates. Based on data from the HapMap CEU population (r 2 ¼ 1), rs6933404 and rs2327832 are perfect proxies for rheumatoid arthritis-associated SNP rs6920220, and rs13192841 and rs12527282 are perfect proxies for another rheumatoid arthritis-associated SNP, rs10499194 (refs. 6,7) . Figure 1 also shows the LD pattern among the genotypes in this study. With multiple blocks of high LD in the region, it is clear that the 21 signals are not all independent. Therefore, we performed conditional analysis, starting with the top SNP, to test the additional candidate SNPs for independence (that is, significance when conditioning on the values of the previously confirmed top SNPs). We first confirmed the independence of rs2230926, with P ¼ 0.0014 conditional on rs13192841. We then tested all other candidate SNPs (with allelic P o 0.005) conditional on rs13192841 and rs2230926 (Supplementary Table 2 online). The most significant SNP was rs6922466 (P ¼ 0.00037). Next, we tested all candidate SNPs conditioning on all three independent SNPs and found no strong evidence for additional independent signals (all P Z 0.027 in 17 tests). rs12527282 was collinear with rs13192841 in conditional analysis; one allele determined the other in 499% of estimated haplotypes. Finally, we conditioned on rs2230926 within its LD block using all SNPs passing quality control, and did not find any additional significant SNPs (all P o 0.15, data not shown). The final three SNPs are in different LD blocks; each pairwise r 2 is o0.01 (Fig. 1) .
We further confirmed the three independent signals with multivariate logistic regression using an additive model (Supplementary Table 3 online). This shows protective effects of the rs13192841 minor allele with an OR of 0.72 (95% CI ¼ 0.62-0.83, P ¼ 7.9 Â 10 À6 ) and the rs6922466 minor allele with an OR of 0.76 (95% CI ¼ 0.65-0.88, P ¼ 0.00039). In contrast, the minor allele of rs2230926 was associated with an increased risk of SLE with an OR of 1.88 (95% CI ¼ 1.27-2.79, P ¼ 0.0016).
Lastly, we carried out stratified analyses of allelic tests to ensure that the associations were not explained by substructure within the European population. We stratified by (i) whether or not subjects had Z90% Northern European ancestry and (ii) whether or not subjects were in a genetically homogeneous subset determined by principal components analysis (Supplementary Methods online) . Overall, results of these stratified analyses (Supplementary Table 4 online) were consistent with the results summarized above. For rs13192841 and rs6922466, the largest magnitudes of effect (lowest OR for protective SNPs), 0.67 (95% CI ¼ 0.55-0.81, P ¼ 2.9 Â 10 À5 ) and 0.72 (95% CI ¼ 0.60-0.88, P ¼ 0.0008), respectively, were in the homogeneous subset of subjects. For the infrequent exonic SNP, rs2230926, the homogeneous subset association was OR ¼ 1.53 (95% CI ¼ 0.84-2.96, P ¼ 0.15); given the number of subjects in this subset, we had only 65% power to detect an OR of 1.53. Combination of the homogeneous and nonhomogeneous strata using the Mantel-Haenszel method produced OR ¼ 1.87 (95% CI ¼ 1.26-2.77, P ¼ 0.0013) with P ¼ 0.34 for the heterogeneity of the stratum-specific associations. We conclude that, although some signal from rs2230926 may be due to intra-European population substructure, there is strong evidence that a signal remains even after controlling for substructure.
The three independently associated SNPs include one coding and two noncoding polymorphisms. The coding SNP, rs2230926, is a nonsynonymous variant resulting in a phenylalanine-to-cysteine change at residue 127 of the A20 protein. To begin to test the biological impact of this SNP, we compared the ability of human A20 proteins encoded by the major (Phe127) and minor (Cys127, risk) allele cDNAs to inhibit TNF-induced NF-kB signaling. These experiments revealed that the minor Cys127 protein is comparably stable relative to the Phe127 protein. Notably, the Cys127 A20 protein is modestly, but consistently, less effective at inhibiting TNF-induced NF-kB activity when similar amounts of the two proteins are expressed ( Supplementary Fig. 1 online) . This reduced antiinflammatory activity of A20 may allow excessive cellular responses SNP number refers to order in Figure 1 , which shows 115 SNPs passing quality control in the initial 500-kb region. to TNF. In addition, as A20 is essential for restricting cellular responses triggered by Toll-like receptors, NOD2 and potentially other proinflammatory stimuli, it is likely that a hypomorphic A20 protein may contribute to multiple facets of excessive inflammation and autoimmunity in humans bearing this polymorphism 4, 5 . Our findings show that three independent SNPs in the TNFAIP3 region are associated with SLE. These polymorphisms may cause reduced expression or activity of the anti-inflammatory activity of A20, predisposing individuals to develop SLE. Considered together with recent studies associating TNFAIP3 SNPs with rheumatoid arthritis 6, 7 , it is apparent that TNFAIP3 is a potent regulator of susceptibility to autoimmunity in humans. In an independent study, Graham et al. also observed association to SNPs in TNFAIP3 in their genome-wide association study of SLE 9 . We identified independent SNPs in the same two LD blocks as Graham et al., plus a third LD block. Future work should attempt to clarify the precise location of the effects seen in these LD blocks through fine-mapping and additional functional experiments, as well as investigating association with specific subphenotypes. As we limited our study to people of European descent, future studies including other ethnic groups are necessary, especially because SLE affects individuals of non-European ancestry at an increased frequency compared to individuals of European ancestry. It is also important to note that our region of interest covers not only TNFAIP3, but also PERP. A missense SNP in PERP, rs648802, was not genotyped in our panel, but a near perfect proxy based on the HapMap CEU data, rs563495 (r 2 ¼ 0.966), was genotyped in our cohort and did not have an allelic P value meeting our criteria for significance. Given the recently demonstrated association of human TNFAIP3 SNPs with rheumatoid arthritis and prior functional studies of Tnfaip3-deficient mice, our current genetic and functional experiments support the notion that TNFAIP3 is a causative gene associated with SLE as well as rheumatoid arthritis. Hence, TNFAIP3 may be an important determinant for multiple autoimmune diseases.
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